We demonstrate the control of droplet sizes by an ac voltage applied across microelectrodes patterned around a fl ow-focusing junction.
Introduction
Droplet-based microfluidics is a powerful high-throughput method that is used in a wide range of applications, including single cell analysis, next generation sequencing systems, molecular diagnostics and drug screening. [1] [2] [3] [4] [5] The technology uses the controlled production of droplets and their subsequent manipulation in microfluidic channels. 6 Series of operations are then integrated to follow complex biological protocols. 7 The modules assembled together very often function in different regimes of flows. As an example, the droplet production mechanism is predetermined by the channel geometry and the flow rates. 8, 9 Therefore, increasing the chip complexity requires additional external controls. A few methods provide such additional degrees of freedom using, for example, thermal or magnetic responsive systems, 6, [10] [11] [12] [13] which have strong limitations in biological applications. Electric actuation offers a promising alternative. First, the integration of electrodes on chip has been demonstrated using a technology that is easily accessible, 14 providing simpler systems compared to surface acoustic wave based systems 15 or valve-based systems. 16 Various microfluidic devices have been developed making use of these techniques to integrate the concepts of electric actuation, using ac fields, 17, 18 electrocapillarity, 19 electrowetting 13 or dielectrophoretic actuation 20 (for example, for droplet sorting 21 and coalescence 22, 23 ). Second, the response of the fluids to electric actuation is fast 21 and parallelisable, providing interesting engineering capabilities.
The first step in a typical droplet-based microfluidics experiment is the encapsulation through droplet production, which can be influenced by electric fields. Electric fields at soft interfaces display a very rich variety of behaviours (for example, droplet deformation and tip streaming or Taylor cone formation and electrospinning) when coupled with flow. [24] [25] [26] [27] The geometry of the electrodes and the fluid conductivity usually have a strong influence on the field distribution and on the flow of electrical charges, 26, 27 making the system sensitive to experimental details. In addition, electrochemical effects represent a major limitation in the devices when the electrodes come in direct contact with the fluids (such as flow instabilities, degradation of the electrodes, generation of reactive species). Engineering reliable devices to control multiphase flow is therefore challenging, but microfabrication techniques enable today the production of electrodes with well defined geometries that are compatible with large ac electric fields. 14 In this article, we present and study a microfluidic device that uses an electric field to actively control droplet sizes at a flow-focusing junction. The field is applied directly at the flow-focusing junction using electrodes which are not connected to the fluids. We demonstrate that this applied electric field leads to a versatile and reliable modulation of droplet size in the dripping regime of production. Jetting may be induced when applying high electric fields. The stability of the droplet production depends on the conductivity of the dispersed phase and the field frequency. Our system therefore provides an additional level of control over droplet production, independent of the flow and usable in a wide range of electrical conductivities for fluids of practical interest.
Materials and methods

Microfluidic device
We use standard soft lithography techniques 28 to manufacture a flow-focusing junction of lateral width w = 100 μm and height h = 35 μm 8, 29 in poly(dimethylsiloxane) PDMS (Dow Corning, relative permittivity ε r,PDMS = 2.5) (Fig. 1) . Electrodes are patterned around the junction as microfluidic channels and produced using the microsolidics technique. 14 The fluidic and electrode channels are therefore within the same plane and positioned within a micron accuracy. The spacing between the electrodes and the fluidic channel is d e = 35 μm over a length l e = 2.2 mm around the junction (l f = 3 mm). The channels widen to W = 1 mm to connect to the inlets and outlets at a distance L = 11 mm.
Emulsification system
Water-in-oil (W/O) droplets are formed by focusing an aqueous stream (dispersed phase; D) with two side oil streams (continuous phase; C). The volumetric flow rates (Q D and Q C ) are controlled using syringe pumps (neMESYS, Cetoni). The dispersed phase is NaCl aqueous solution in Milli-Q water with an electrical conductivity κ between~3 × 10 −5 (Milli-Q water) and 3 S m . The continuous phase is mineral oil (M5904, Sigma Aldrich; viscosity η = 0.03 Pa s; ε r = 2.1) with 5% w/w non-ionic surfactant (SPAN 80, Sigma Aldrich) to prevent droplet coalescence. Equilibrium interfacial tensions are about 4-5 mN m −1 independent of NaCl concentrations. Droplet production is imaged using an inverted microscope (IX81, Olympus) with a high speed camera (V210, Phantom; 5000 frames s
−1
). The apparent diameter d of at least 100 successive droplets is measured via image processing (Matlab, Mathworks).
Electrical system
A sinusoidal voltage at frequencies from 1 kHz to 50 kHz (33210A, Agilent) is amplified from 0 to~1 kV (623B, Trek). In the following discussion, all voltages are peak to peak (unless otherwise stated). With three sets of electrodes (upstream pairs, downstream pairs and ITO counter electrodes), three configurations are possible: the high-voltage is applied to the upstream pair of electrodes while the others are grounded (configuration 1); the high-voltage is applied to the downstream pair of electrodes while the others are grounded (configuration 2); or the high-voltage is applied to the ITO counter electrode while the others are grounded. All other configurations are symmetrical cases of these configurations (or of the trivial case where no field is applied). For practical convenience, configuration 3 is defined as the case where ITO is grounded and both the downstream and the upstream pairs of electrodes are connected to the high-voltage. Therefore, the ITO (IndiumTin Oxide) counter electrode at the bottom of the glass plate (thickness d I = 1 mm, ε r,glass = 7.5) is systematically grounded to prevent electrocoalescence downstream of the nozzle and to shield the field.
Experimental results
In a first series of experiments, we used Milli-Q water ( Fig. 2(a) and the black symbols in 2(b)). We measured droplet size as a function of applied voltage at fixed Q D = 50 μL hr −1 and Q C = 400 μL hr −1 and fixed frequency f = 50 kHz, much larger than the droplet production frequency (100-500 Hz). When the applied voltage is increased from 0 to about 600 V, the droplet size shows a non-linear decrease ( Fig. 2(b) ). The continuous decrease is similar to previous experiments in unconfined geometry where a DC field is applied. [30] [31] [32] This behaviour is quantitatively reproduced for all frequencies down to 5 kHz. Beyond 600-650 V, a dripping-to-jetting transition is observed above 5 kHz. The droplet size is constant, but the increase in the field leads to an increase in the jet length (up to a factor of 2). Below 5 kHz, the droplet production becomes unstable with polydisperse droplets and satellites. Inverting the connection of the electrodes (switching the downstream and upstream pairs) did not modify the observed behaviour for Milli-Q water. The droplet size is constant when the upstream and downstream pairs are at high voltage, indicating that electrowetting of the backplate does not occur 13 and that the relevant field to consider is the one in the plane of the chip and not the one in the perpendicular direction. We consider the case where the high voltage is applied to the upstream pair of electrodes, the downstream pair of electrodes and the ITO counter electrode are grounded. We repeated our analysis at higher conductivities. At κ = 3 × 10 −2 S m
and f = 50 kHz, below 600 V, the droplet size decreases as for Milli-Q water, with no significant deviation (red square symbols in Fig. 2(b) ). Above~600 V, the droplet production becomes unstable, leading to polydisperse droplets; no stable jets are formed ( Fig. 3(a) ). When the frequency is decreased below 20 kHz, the applied voltage has less of an effect on the droplet size and no dripping-to-jetting transition is observed. We investigated systematically the droplet production mechanism at a fixed applied voltage (U app = 1 kV), as reported in a flow diagram displayed in Fig. 3(c) in the plane (κ, f). The flow diagram displays three regimes. In regime 1 (large f; small κ), jets are stable. In regime 2 (intermediate values of f and κ), jets are unstable. These two regimes correspond to the two cases described above. In regime 3 (small f; large κ), the droplets are produced in the dripping regime (also at lower applied voltages); the droplet size is a function of the electrical parameters (κ, f). The transition between regimes 2 and 3 is linear in the flow diagram (κ, f). Experimentally, all the data collected in the dripping regime collapse on a single master curve, provided that the applied voltage is rescaled by a constant dependent on the ratio f/κ, with the rescaling factor G(f/κ) being a sigmoidal function (Fig. 4) . We present an electrical model to interpret this rescaling in the next section. ) and NaCl solution (κ = 3 × 10 −2 S m −1 ) at the same flow rates as in (a). 
Electrical model
One of the keys to understanding the difference between regimes 2 and 3 is the difference between the applied voltage U app and the voltage at the tip of the dispersed fluid U tip . This difference is attributable to the absence of contact between the dispersed fluid and the upstream electrodes ( Fig. 1(a) ). The dispersed fluid and the upstream electrodes are separated by a dielectric PDMS layer acting as a capacitor C E . The fluid is modeled as a resistor R = 1/(lκ) (where l is a length determined by the geometry). We neglect here the dielectric properties since the corresponding charge relaxation time scale τ = ε/κ is, under most of our experimental conditions, much shorter than the field frequency. The fluid is separated from the ITO backplate through the glass plate modelled as capacitance C I . We neglect the connection to the downstream electrodes, which can be justified by the low value of the associated capacitance. Within this electrokinetic model, the voltage at the tip is given by the voltage divider formula:
where j 2 = −1. l, C E and C I are only functions of geometry and material properties. Therefore the rhs term in eqn (1) is a function of the sole parameter f/κ as obtained experimentally (Fig. 4) .
Using C E /C I = 0.35 and C E /l = 4 × 10 −7 F m −1 , the model fits the factor G(f/κ) = U tip /U app obtained experimentally. Although we cannot extract the exact values of these electrical parameters from our complex geometry, we estimate the capacitances using parallel plate approximation and the resistance of the liquid finger (dominated by the smallest dimensions), leading to:
We obtain C E /C I~0 .14 and C E /l~0.9 × 10 −17 F m −1 , which are in reasonable agreement with the values obtained by the fit, considering the very crude approximations made. Our model gives the correct behaviour, a high-pass filter for U tip with a cutoff:
Above the cutoff, U tip ≈ U app , and below the cutoff, U tip = U app , C E /(C E + C I ) ≪ U app (~25% based on eqn (1)). Interestingly, the line of the flow diagram separating regimes 2 and 3 corresponds to f/κ~5 × 10 5 m F −1 , close to the cutoff condition: in regime 3, U tip < 600 V (Fig. 4(a) , inset) and the droplet production is therefore found in the dripping regime. A modification of the size of the electrodes or of the thickness of the glass slide significantly impacts this behaviour, as observed experimentally: regime 3 disappears when the ITO is removed (C I = 0; U tip = U app ), although additional stray capacitance in the setup might still have an impact. To further assess the relevance of our electrical model, we studied two additional configurations. In configuration 2, the high-voltage is applied to the downstream pair of electrodes, the upstream pair of electrodes and the ITO counter electrode are grounded. In configuration 3, the high-voltage is applied to the upstream and downstream pairs of electrodes, while the ITO counter electrode is still grounded. The corresponding flow diagrams at 1 kV are displayed in Fig. 5 . We obtain the same types of behaviours (namely jetting, unstable production and dripping) but they are differently arranged as compared to configuration 1. Regime 3 vanishes when the connections between the upstream electrodes and the downstream electrodes are interchanged, and regime 1 vanishes when both electrode pairs are at high voltage.
The electrical model explains these behaviours using the proper electrical connections. The key point to consider is the difference in voltage between the tip of the fluid and the downstream electrodes. In configuration 2, the voltage at the tip of the fluid is always 0, while the voltage at the downstream electrodes is always U app . The condition for the existence of regime 3 is never fulfilled, and regime 3 does not appear. The rest of the flow diagram is not affected by the choice of the connection, and we observe the same transition between unstable production and jets, consistent with the statement that this transition is triggered by the conductivity of the liquid jet. For configuration 3, the voltage at the tip has the same variation as the first case. The same expression, eqn (1), can be used to derive the voltage at the tip. But in the present case, this voltage has to be compared to the voltage U app at the downstream electrodes. We expect therefore a behaviour complementary to configuration 1. We indeed observe that regimes 2 and 3 are interchanged with a transition at the same position as for configuration 1 given by:
Regime 1 cannot be observed because when U tip is equal to the applied voltage, there is no voltage difference from the voltage of the downstream electrodes. These experiments confirm the importance of the voltage difference between the tip and the downstream electrodes and the absence of electrowetting due to the voltage difference between the ITO counter electrodes and the tip.
Electrohydrodynamic model
In order to understand the effects of the applied field on the droplet production in the dripping regime, we focus on regimes 1 and 2 of configuration 1, where the voltage at the tip is equal to the applied voltage. Since each fluid is homogeneous, the electric field has a mechanical effect only at the interface between the fluids where the Maxwell stress is non-zero. 33 One of the components of this Maxwell stress is an electrical pressure normal to the interface, opposing to the Laplace pressure associated with the surface tension. The simplest way to take this effect into account is to introduce an effective capillary number Ca eff defined as:
with: 
Ca is the classical capillary number and B e is the electric bond number comparing the relative weight of the Laplace pressure and the Maxwell stress (U here is the RMS voltage at the tip). ε r is the relative permittivity of the continuous phase (oil) and k is a fitting parameter to take into account geometrical factors such as the ratios between the curvature of the drop, the distance between electrodes and the link between the applied voltage and the electric field close to the tip of the dispersed fluid. In the absence of electric fields, d decreases with Ca with a power law d ∝ Ca −0.4 . The exponent of the power law relationship depends, in principle, on parameters such as the viscosity ratio or the channel aspect ratio. It is therefore not universal, 8 but it characterises our microfluidic chip. In the presence of the field, all data collapse on the same power law Ca eff −0.4 , using a single fitting parameter k = 0.5 (the same for all flow rates and voltages) in the dripping case; the jetting case data also collapse on another master line displaying a weak dependence of d on Ca eff , consistent with the jet properties in microchannels 8 or in coaxial flows 9, 34 (Fig. 6) . As expected for a geometrical factor in a configuration where the different lengths involved (w, h, curvature of the drop) are of the same order of magnitude, k is of order 1. This rescalingaccounting for the pure hydrodynamic case and the electric modulated droplet -shows the relevance of our model based on actuation by Maxwell stress.
We investigate now the dripping-to-jetting transition. In the absence of the field, we observe a dripping-to-jetting transition for Ca~1, as described for capillaries. 9, 34 When the field is applied, the Ca * eff at the transition depends on the flow conditions (see Fig. 6 ): Ca eff is not the relevant parameter for capturing the transition. Considering that the effective surface tension impacts the inner Weber number, We is also not reasonable as We ≪ 1 for all our flow conditions. The jet is rather stabilised by the axial field in the direction of the flow, as already observed during capillary breakup in electrowetting 35 or in electrospinning, 26, 27, 33 which would suggest that the electrical Bond number is one of the parameters controlling the transition. In our experiments, the voltage at the transition is approximatively the same (~600-650 V) irrespective of the total flow rate, which leads indeed to an approximately constant electrical Bond number at the transition ( ) B e *     0 2 0 31 1 . Since we did not vary the other parameters (surface tension, geometrical parameters w) of the electrical Bond number, we cannot however conclude on the relevance of this number to the jetting-to-dripping transition.
Discussion
Our expression for Ca eff does not account for the fluid conductivities and therefore cannot describe the destabilisation of the jet at high conductivities observed in the flow diagrams. Here we argue that the destabilisation of conducting jets occurs in whipping mode. 26, 27, 36, 37 Indeed, Fig. 3 (a) and 5
show a non axisymmetric droplet production in the jet, and we propose the whipping instability of a conducting jet as the stability limit. The second mechanism occurring at low frequency (close to 1 kHz) is the interplay between droplet production frequency and field frequency, which can lead to charging of the droplet, thereby influencing the jet stability. 35, 38 Further analysis of these instabilities is of interest but is beyond the scope of the present manuscript. We used surfactants in the experiments because they are often used in practical applications to avoid droplet coalescence. Moreover, they decrease the surface tension, making the system more sensitive to the Maxwell stress. Unfortunately, they introduce a level of complexity in the analysis and an unknown parameter, namely the dynamic interfacial tension at the scale of droplet production. 39, 40 In our analysis, this uncertainty is not detrimental as it can be regarded as an additional contribution to the geometrical fitting factor k. To gain quantitative insights into the mechanisms of drippingto-jetting transition and the destabilisation of the jet, further experiments have to be carried out without surfactants. Because the concept of actuation of droplet size by electric fields can be used in a wide range of conductivities, flow rates and interfacial tension, we believe that it will be useful as a tool to control droplet sizes independently of the flow conditions. This is a useful aspect in the integration of complex protocols for droplet manipulation when the flow conditions for the droplet modules are not compatible with those for other modules. Besides this integration aspect, the interest in the actuation of droplet size by electric fields lies in the fast response of the system's electrical actuation. Response times on the order of 1 ms and below are classically obtained in sorting experiments 21 or in electrocoalescence. 19 The analysis of the response time of the system is beyond the scope of the present manuscript and will be presented elsewhere. 41 The system responds at the subsecond time-scale, which will be of interest for applications requiring active control or for designing feedback loops on droplet sizes during production (for example, to compensate for pulsating flow due to pumps or pressure cross-talks between channels). 
Conclusion
In conclusion, we developed and characterized an electroflow-focusing junction that is usable for droplet-based microfluidics. The flow diagrams of the droplet production regime as a function of the aqueous dispersed phase conductivity and of the applied electric voltage frequency revealed regions in this parameter space where the electric fields do not have any effects. We presented a model which assumes that only the voltage difference between the dispersed liquid tip and the downstream electrodes matters. The difference between the liquid tip voltage and the applied voltage, due to the absence of connection between the fluid and the electrodes, is the other key ingredient of our model. This simple model allowed us to explain all the possible electrode configurations.
In the regimes where the electric field actually plays a role, the droplet size decreases with increasing electric fields. For a high-enough electric field, a dripping-to-jetting transition is induced, and for liquids of high conductivity or low applied voltage frequency, the droplet production becomes unstable.
In the dripping regime, the mechanism of production is in good agreement with the modulation of surface tension by the Maxwell stress, and a power law can be used to relate the size of the droplets formed as a function of an effective capillary number that takes into account this Maxwell stress. The dripping-to-jetting transition is not described by this unified electrocapillary number, as well as the stability of the jet which depends on electrical parameters such as conductivity and field frequency. The electric actuation finally provides an additional degree of freedom on the production of droplets: droplet size can be tuned independently of hydrodynamic conditions which -we believe -will be of interest for the fine control of droplets in channels.
